More than 50 years ago, Jean Mayer proposed that changes in blood glucose concentrations or arteriovenous glucose differences are detected by glucoreceptors that affect energy intake. According to this theory, an increase in blood glucose concentrations results in increased feelings of satiety whereas a drop in blood glucose concentrations has the opposite effect. The pioneering work of Mayer has recently received support from our group as low glycemia has been shown to be linked with body weight gain prospectively and has been considered as a strong predictor of the amount of weight regained after weight loss. This state of mild hypoglycemia also predicts the increase in depressive symptoms with weight loss and a greater propensity to glucose intolerance and type 2 diabetes, particularly for individuals having short sleep durations. Furthermore, knowledgebased work has been shown to induce a significant increase in spontaneous energy intake being related to changes in glycemic control. In accordance with the glucostatic theory, this oriented review suggests that factors favoring a trend toward hypoglycemia and/or glucose instability might induce excess energy intake, overweight and impaired glucose tolerance. Data also raise the possibility that fat gain might be protective against mild hypoglycemia by providing compensation to the stimuli promoted by a modern environment.
The identification of the biochemical basis for hunger and meal initiation, and of the signals controlling these neurobiological processes have been the subject of extensive research and debate for some decades regarding the control of food intake. These studies led to the classical lipostatic, 1 aminostatic, 2 and thermostatic 3 theories of food intake control as well as more recent hypotheses. [4] [5] [6] However, all of these theoretical ideas were preceded by the notion that glucose uptake and utilization played a central and metabolically privileged role in the control of hunger, satiety and the regulation of body energy balance. Although these notions were first discussed and suggested by Carlson in a classic text published in 1916, 7 they were formalized by Jean Mayer into the classical glucostatic theory in the mid 1950s. 8, 9 The glucostatic theory of food intake control postulated that reduced glucose utilization in critical brain regions leads to perception and expression of hunger, and increased glucose utilization in these same glucosensitive sites leads to decreased hunger and cessation of eating. Mayer proposed that decreased glucose utilization or 'metabolic hypoglycemia', the point at which the peripheral arteriovenous difference in blood glucose becomes negligible and glucose is no longer entering 'metabolizing cells', was the signal for meal initiation. In his 1955 paper, Mayer explicitly argued that the glucostatic theory would account for the short-term control of hunger and food intake, whereas he invoked a lipostatic mechanism to account for the long-term regulation of body weight and energy balance. 9 After the formulation of this hypothesis, there was an increase of research interest in the biological basis of hunger and satiety in both humans and laboratory rats. The initial results of several studies showed that arteriovenous differences in blood glucose concentration were correlated with hunger ratings and food intake under some circumstances. 10, 11 However, other research comparing the arteriovenous differences in blood glucose and hunger ratings of food intake failed to observe a correlation under other situations. 12, 13 Other research where hunger ratings and food intake were measured following exogenous infusions of glucose have reported either consistent 10, [14] [15] [16] or inconsistent 12, 17, 18 results with a role for glucose in the onset of hunger. These researches and later studies emphasized the role of decreased glucose utilization or decreased intracellular glucose concentrations rather than the absolute level of blood glucose as the stimulus for meal initiation. Although the glucostatic hypothesis had been largely abandoned by the mid 1970s, a rebirth for the role of blood glucose in the control of meal initiation has been observed more recently with the ability to monitor blood glucose continuously in freely behaving animals in contrast to discrete blood sampling at fixed intervals. Transient declines in blood glucose were first described by Louis-Sylvestre and Le Magnen 19 in 1980, who showed that a fall in blood glucose was correlated with meal initiation in the rat. They observed that blood glucose concentration declined 6-8% at 5.0 ± 0.3 min before meal onset in both the dark and light phases of the light-dark cycle. Campfield and Smith 20, 21 have confirmed and extended these initial findings. Similar results were obtained in humans who were blinded as to the time of the day. Indeed, the initiation of meals and perception of hunger were synchronized with transient and dynamic blood glucose declines.
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The role of glucose in the control of food intake is thought to be dynamic: it is a satiety factor and an initiation signal. 25 Bray 26 recently suggested that the use of the word static for the 'glucostatic' theory is unfortunate, as it implies a static or unchanging system. He proposed that it is rather a glucodynamic theory of food intake in light of the way in which food intake begins after the nadir in glucose suggesting that it is the pattern of dynamic change in glucose, which is sensed rather than its level. Although the formulation of Mayer's glucostatic theory was revisited and presented evident limitations, this original proposal still attracts a lot of attention and research activities around the world. For our research group, this hypothesis has been associated with an increased risk of obesity and type 2 diabetes. 27 As discussed in the next sections, this theory provides novel insights into the mechanisms that may favor an increased risk of obesity/diabetes and a better understanding of the biological reality underlying the impact of modernity on energy balance and metabolism.
Glucose homeostasis: a predictor of weight gain and weight regain?
The potential long-term impact of low glycemia on body fat accumulation has recently been verified by our research team. In an attempt to examine the effects of low glucose concentrations on long-term energy balance and weight gain in humans, two sets of analyses were carried out. The first study consisted of the analysis of the morphological and metabolic profile of 259 participants between 20 and 65 years of age involved in the Quebec Family Study. The association between glucose concentrations at the end of an oral glucose challenge and changes in body mass was analyzed prospectively with a mean follow-up of 6 years. In this study, we found that the glucose concentrations at 120 min of the oral glucose tolerance test (OGTT) were negatively correlated with weight gain over time (r ¼ À0.42, Po0.01). 27 In the second study, 44 obese participants were randomly assigned to a 15-week weight-loss programme in either a drug therapy group or a placebo group coupled with energy intake restriction. The focus of this study was the relationship between glycemic control at the end of the treatment and post-treatment weight regain. In this study, we observed that the glucose area below fasting values at the end of the OGTT increased significantly with weight loss and was correlated with weight regain (r ¼ 0.74, Po0.01) in participants who returned for a follow-up visit 81 weeks after the intervention. 27 Thus, we found that (1) lower glucose concentrations at the end of an OGTT were correlated with weight gain over time; (2) large amounts of weight loss were associated with low glycemia at the end of an OGTT; and (3) these low glucose concentrations were strong predictors of the amount of weight regained after weight loss. According to the glucostatic theory of appetite control, it could be speculated that an increase in hunger may be a mechanism by which low glucose levels are associated with weight gain. Although to our knowledge this is the first evidence showing that greater reductions in plasma glucose levels at the end of an OGTT were associated with weight regain, other studies have reported tendencies toward hypoglycemia following weight loss. Halverson et al. 28 performed a 5-h OGTT in three groups consisting of normal controls, obese patients and obese patients after gastric bypass surgery. Hypoglycemia (mean glucose concentration nadir ¼ 2.7 mmol l À1 ) was observed in post-gastric bypass patients. In another study, a very low energy diet (o600 kcal day À1 for 14 days) was provided to overweight females. 29 Participants lost 4.7 kg whereas the mean glucose concentration nadir in response to an OGTT went from 4.7 to 3.7 mmol l À1 (Po0.01). Similar results were found in young healthy normal weight participants who underwent a carbohydrate-restricted diet for 3 days. In these participants, the mean glucose concentration nadir went from 3.6 to 2.7 mmol l
À1
. 30 Our research pertaining to plasma glucose stability in weight-reduced obese individuals has repeatedly shown that bringing weight loss up to a certain level, that is, beyond B10% of the initial weight, destabilizes body homeostasis and induces a psychobiological vulnerability favoring conditions to weight regain. Indeed, a trend toward hypoglycemia has been observed at the end of an OGTT in a study that was planned to induce weight loss up to a resistance to further weight loss. 31 Indeed, the mean glycemia of participants was as low as 3.3 mmol l
, which is sufficient to evoke a significant counterregulatory hormonal response. 32 This is concordant with the observation that,
in contrast to what is seen with insulinemia, the hyperglucagonemia characterizing the obese person is maintained in the reduced-obese state, reflecting the need for increased
Glucose homeostasis and obesity J-P Chaput and A Tremblay hormonal protection against hypoglycemia. 33 This evidence, coupled with the fact that glucose is the main substrate of the brain, raises the possibility that a potential link exists between the risk of developing or enhancing depressive symptoms with weight loss and the trend toward hypoglycemia. Indeed, negative psychological attributes could be associated with weight loss and this emphasizes the necessity of caution when prescribing a weight-reduction programme to obese individuals. Results obtained in our facilities where men volunteered for a weight-loss programme that consisted of a supervised diet and exercise clinical intervention showed that significant increases in symptoms of depression occurred after 10% weight loss 34 and these symptoms were more pronounced at body weight loss plateau. 35 In another study, the significant increase in depressive symptoms observed after a loss of 11.2% of initial body weight induced via energy restriction (À700 kcal day
) and aerobic exercise programme was shown to be highly associated with hypoglycemia at the end of an oral glucose challenge. 36 Furthermore, we found that the glucose area below fasting values (or reactive hypoglycemia) at plateau was significantly higher as compared with other phases of the programme, that is, after 5 and 10% of initial weight loss. The accentuation of the glucose area below fasting levels observed at plateau is a matter of preoccupation if one refers to the glucostatic theory of appetite control and subsequent studies. [6] [7] [8] [9] [19] [20] [21] [22] [23] [24] [25] Taken together, these findings suggest that blood glucose fluctuations may have biopsychological consequences and may be perceived as a source of signaling favoring weight regain.
Oral glucose challenge: the obese, the reduced-obese and the physically active
Reducing hyperglycemia and insulin resistance are important clinical objectives for the obese person. Weight losses, even modest, have repeatedly been associated with an improvement of the metabolic profile of the obese. 31, 33, 37, 38 Indeed, Figure 1 shows the curves and areas under the curve (AUC) of plasma glucose in response to an OGTT in male obese participants before and after a weight-loss programme up to a state of plateau consisting of a supervised diet and exercise clinical intervention. A mean loss of 11.5 kg of body weight (93.9% from fat stores) was achieved over 7 months of intervention. As expected, the AUC to the oral glucose challenge was considerably reduced at the end of the programme. Even if the metabolic fitness of individuals who underwent this intervention was substantially improved, it is of importance to note the impact of this strategy on blood glucose at the end of the oral glucose challenge. Indeed, at the 180th minute of this test, the glycemia was significantly lower than that before treatment. Even though these values do not necessarily represent clinical hypoglycemia, they might carry some importance as a fall in blood glucose may trigger episodes of feeding [6] [7] [8] [9] [19] [20] [21] [22] [23] [24] [25] and some metabolic counterregulation such as hyperglucagonemia 33 as discussed above. Interestingly, the span between the maximal and minimal glucose concentrations was the same before and after weight loss, suggesting that a shift toward hypoglycemia has occurred over the course of the programme. On the other hand, physical exercise can be described as a stimulus contributing to optimal body functioning. This is discretely expressed at many levels of regulatory processes, be it by stimulating the effect of key enzymes, by increasing the sensitivity to hormones, by facilitating substrate transport through the membranes, by influencing cell receptors in a tissue-specific manner and probably many others. 39 The participation in regular physical activity has also been shown to prevent both hyperglycemia and hypoglycemia, which is concordant with the idea that exercise enhances the accuracy of substrate balance regulation. 40 Thus, individuals who are physically engaged in their daily schedule may expect a better control of both high and low glucose levels and better overall glucose homeostasis. This means that the glucose span would have been shorter for the regularly active person as compared with the two other spans found in Figure 1 for the obese and reduced-obese individual. Therefore, physically fit individuals are less likely to experience feelings of hunger associated with declines in blood glucose. In light of these results, an important issue remains: Do the effects of weight loss at plateau dominate the effects of physical activity on glucose homeostasis? After all, a trend toward hypoglycemia has been observed at the end of the OGTT in participants subjected to the weight-loss programme in Figure 1 despite the fact that physical exercise was also a modality included in the strategy to induce a negative energy balance. This scenario may also raise the possibility that a more pronounced decline in blood glucose levels could have been observed if only the restrictive diet had been chosen as a weight-reducing programme. However, this issue needs further support from other research groups and some points have to be addressed (for example, exercise intensity, exercise duration, protection of body homeostasis) before conclusions can be drawn.
Knowledge-based work: association with glucose homeostasis
Knowledge-based work or mental work has progressively replaced physical work and has become an important modality of human activity in a context of economic competitiveness and globalization. A basic difference between physical and mental work is that they rely on body tissues in which the spontaneous composition of the substrate mix oxidized differs significantly. Indeed, physical exertion relies on skeletal muscle, which is the main site of free fatty acid utilization of the body whereas mental work Glucose homeostasis and obesity J-P Chaput and A Tremblay solicits brain which only oxidizes glucose under normal feeding conditions. 41 This switch in the macronutrient oxidation profile can be realistically considered as a potential cause of the suspected effects of mental work on energy intake. Indeed, the carbohydrate component of macronutrient balance has a small energy reservoir that is equivalent to about the daily intake of this nutrient. 41 Considering that carbohydrate represents a critical energy substrate for the brain, the low capacity of the body to store carbohydrate might be perceived as a paradox of nature, particularly when cognitive activities are dominant in the daily activity schedule. This limitation is exacerbated by the inability of the body to synthesize glucose from free fatty acids. 41 Even though this apparent metabolic handicap is compensated by regulatory mechanisms contributing to maintain a constant availability of this substrate for energy metabolism, 42 such a scenario might be problematic for the execution of cognitive tasks as the brain's need for carbohydrate is likely to induce an increased desire to eat. This expected effect is concordant with the glucostatic theory of appetite control and with experimental evidence suggesting that preprandial hypoglycemia, 43 a reduced availability of glucose for metabolism, 44 and a decreased level of body carbohydrate stores 45 or liver glycogen 46 are stimuli for increased food intake. Thus, carbohydrate balance is a component of the global energy balance which can be easily destabilized and for which an increase in energy intake is part of a regulatory strategy allowing its stability. In such a context, knowledge-based work appears as a stimulus that has the potential to alter the precision of the regulation of carbohydrate balance and might favor an increased caloric intake as a compensatory homeostatic action. In a recent repeated-measures/within-subjects study, we found that the mean energy expenditure of being sat in a comfortable chair or performing a reading-writing task for 45 min was practically the same (difference of 13 kJ only) whereas the mean ad libitum energy intake after the readingwriting condition exceeded that measured after rest by 959 kJ. 47 This agrees with the results of a study involving scientists from the University of Washington who increased their energy and fat intake at the time of the preparation of NIH grant applications. 48 This observation also raises the possibility that knowledge-based work adds a new component to sedentariness that might further accentuate the positive energy balance that is more likely to occur when one is inactive. In another recent study, we observed that mental work solicited by computer-related activities produced an increase in the variability of glycemia, which was related to a 
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Glucose homeostasis and obesity J-P Chaput and A Tremblay compensatory increase in energy intake. 49 In this study, the probe reaction time technique was used as a secondary task to quantify the mental workload between experimental conditions. As reported earlier, the reaction time increases as the difficulty of the mental task increases. 50, 51 In this regard, for those who found the mental task more cognitively demanding, variations in glycemia increased in greater proportions over the task than for those having found the mental task less cognitively demanding. This high degree of mental workload was also related to a higher spontaneous energy intake in the buffet-type meal following the task (Figure 2 ). This observation raises the question as to whether other sedentary leisure activities (for example, video game playing, television viewing, chatting on internet) having gained a lot of popularity, especially in children, are also hyperphagic stimuli like knowledge-based work and are associated with glucose instability. Although future research will be needed in this emerging theme of investigation, these results again suggest that knowledge-based work alters the accuracy by which glycemia is regulated and the glucostatic theory may be perceived as a rationale for explaining the orexigenic effect of cognitive activities with the goal of restoring glucose homeostasis. Such a scenario is obviously problematic in view of obesity prevention as knowledgebased work represents the main working modality in the current way of living.
Short sleep duration: association with glucose homeostasis
Lack of sleep has become a widespread habit driven by the demands and opportunities of our modern '24-h' lifestyle. Nearly one third of adults report sleeping less than 6 h per night, leading some to suggest that we live in a sleepdeprived society. 52 Factors responsible for this situation include, among others, longer work days and longer commuting time, an increase in evening and night work, a decrease in physical activity, and the advent of television, the personal computer and the internet. 53 Thus, the dramatic increase in the incidence of obesity and type 2 diabetes seems to have developed over the same period of time as the progressive decrease in self-reported sleep duration. [54] [55] [56] A growing body of epidemiological evidence supports an association between short sleep duration and the risk of obesity [57] [58] [59] [60] [61] and type 2 diabetes. [62] [63] [64] [65] [66] The potential mechanisms by which sleep deprivation may predispose to obesity are: (1) an alteration of the neuroendocrine control of appetite characterized by a decrease in the levels of the anorexigenic hormone leptin and an increase in the levels of the orexigenic hormone ghrelin; (2) an increased opportunity to eat; (3) an altered thermoregulation; and (4) an increased fatigue leading to reductions in physical activity. 67 Furthermore, physiological data suggest that short-term partial sleep restriction leads to striking alterations in metabolic function including decreased carbohydrate tolerance and insulin resistance. 68, 69 These findings suggest that long-term sleep curtailment may predispose individuals to abnormal metabolic regulation including overt clinical diabetes. However, the underlying mechanisms of the adverse influence of sleep deprivation on glucose metabolism need to be better understood. We recently reported that chronic lack of sleep is a stimulus that destabilizes significantly the profile of blood glucose at the end of an oral glucose load. Indeed, lower plasma glucose concentrations toward the end of an OGTT have been observed in short sleepers compared with average and long sleepers. 66 As shown in Table 1 , the glucose area below fasting glucose concentration was significantly higher in short sleepers for both sexes. Hence, the increase in energy intake and weight gain might be an unfortunate solution to restore glucose homeostasis in a context where insufficient sleep time becomes ingrained in the lifestyle of an individual.
Is weight gain a solution for maintaining body homeostasis in the current way of living?
A physiological perception of obesity tends to consider fat gain as a biological adaptation that ultimately permits the Glucose homeostasis and obesity J-P Chaput and A Tremblay individual gaining body weight to reach a new homeostatic state. 70 Indeed, adipose tissue is involved in the regulation of many important physiological functions. Although the ability of fat cells to produce molecules involved in genuine regulatory processes has been known for a long time, the discovery of leptin 71 has certainly been a major event in the demonstration of the role of adipose tissue in the maintenance of body homeostasis. For the short sleeper, adipose tissue may at least provide an increased leptinemia. This compensation to chronic sleep loss has to be perceived as beneficial if the internal system wants to achieve its stability. Hence, this may mean that body fat gain and its welldocumented comorbidities might be the unfortunate price to pay to rely on adipose tissue-related factors to protect some components of body homeostasis. 72 This also emphasizes the importance of caution when prescribing weight loss, as an improvement of the metabolic profile might also be accompanied by some side effects that make physiological equilibrium more vulnerable. 70 Several studies have shown that there are neuroendocrine adaptations to a positive energy balance. Indeed, an increase in plasma free-fatty acids, 73 fat oxidation, 74, 75 sympathetic nervous system activity, 76, 77 insulinemia at euglycemia 78 and leptinemia 79 are all adaptations that contribute to promote over time the re-equilibration of energy balance in the person who gains weight. Because obesity is the common component of these adaptive mechanisms, an increase in body fat appears as a necessary adaptation to recover body weight stability when one is exposed to a lifestyle favoring a positive energy balance. This increase in body fatness is in turn accompanied by neuroendocrine adaptations that seem to favor an increase in energy expenditure and a decrease in energy intake. Unfortunately, body fat gain is also accompanied by deleterious consequences associated with the metabolic syndrome, which make obesity an undesirable adaptation leading to the recovery of energy balance. Furthermore, fat gain cannot fully replace the positive impact conferred by a healthy lifestyle.
Conclusion
Obesity and type 2 diabetes are two of the most important public health problems today, and, although much has been learned regarding the etiology of these conditions, their prevalence continues to rise. Although lifestyle changes such as improving diet composition and increasing physical activity are the cornerstone of obesity/diabetes prevention, efforts are needed to understand better other determinants of these conditions and to develop additional prevention strategies. As discussed in this paper, the glucostatic theory of appetite control proposed by Jean Mayer in 1953 8 was put forward in an attempt to provide a rationale for which a perturbation in glycemia might favor an increased risk of obesity and diabetes in the current way of living. The pioneering work of Mayer has received support from our group as low glycemia was (1) observed in reduced-obese individuals; (2) associated with weight gain and weight regained after weight loss; (3) correlated with symptoms of depression in reduced-obese individuals; and (4) linked with short sleep duration. In addition, knowledge-based work has been shown to significantly increase energy intake in female students in association to its dependence on glucose stability. Of course, some individuals are more responsive than others to homeostatic perturbation. One consequence of this over-reaction is a destabilization in blood glucose in some situations and this could predispose them to obesity over time.
As shown in Table 2 , the impact of regular exercise training is expected to improve the accuracy of glycemic regulation whereas fat loss up to a state of plateau decreases glucose stability. Likewise, short sleep duration and knowledge-based work negatively affect glucose homeostasis. Fat gain has at least the potential to help the regulation of glycemia below fasting levels, that is, by providing a lower decline of blood glucose toward the end of an OGTT. By acting as a 'hypoglycemia protector', weight gain may be perceived as an unfortunate solution favoring glycemic stability below baseline glucose levels and hunger is therefore less susceptible to occur if one considers Mayer's hypothesis. 
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